Abstract. The purpose of this article is to present, for the chemical vapour deposition process, mass transport models with near local thermochemical equilibrium imposed in the gas-phase and at the deposition surface. The theoretical problems arising from the linking of the two approaches, thermodynamics and mass transport, are shown and a solution procedure is proposed. As an illustration, selected results of thermodynamic and mass transport analysis and of the coupled approach showed that, for the deposition of Sil.,Ge, solid solution at 1300 K (system Si-Ge-CI-H-Ar), the thermodynamic heterogeneous stability of the reactive gases and the thermal diffusion led to the germanium depletion of the deposit.
INTRODUCTION
The modelling approaches are generally based (a) on kinetic computations, (b) on thermochemical equilibrium computations, (c) on mass transport computations linked with chemical kinetic data and (d) on mass transport linked with local thermochemical equilibrium. Thermodynamic analysis addresses several important issues with respect to CVD. Whether a given chemical reaction is feasible is perhaps the most important of these. Once it is decided that a reaction is feasible, thermodynamic calculations can frequently provide information on the partial pressures of the gaseous species and on the nature of the solid phases. Importantly, it provides an upper limit of what to expect under specified conditions. However, this approach is not expected to yield the equilibrium or non-equilibrium state corresponding to the temperature, the pressure and the concentrations actually established in the gas phase or at the solid-gas interface. In an open, flowing CVD system, to correctly interpret the involved phenomena, it will be necessary to study chemically reacting flows with non-uniform flow and temperature fields [I-21. In special situations. chemical equilibrium arguments can be used coupled with transport phenomena [3-81 but in general, an accurate representation of the process will require consideration of chemical kinetics [9-141. Whereas hydrodynamic models are generally applicable, a separate chemical model stating the relevant homogeneous and heterogeneous reaction pathways and rate constants must be specified for each CVD process. The lack of detailed chemical kinetic data seems to be the most important limitation in CVD modelling. Even for the deposition of pure elements, the number of simultaneous gas phase and surface reactions and therefore of species which must be taken into account can be as high as tens or hundreds. Another modelling route involves the formulation of an overall kinetics model and the extraction of parameters from growth rate data; these last approaches have been relatively successful in predicting growth rates in CVD reactors operating under a limited range of process conditions [see for example IS].
In this paper, we propose a modelling route linking thermochemical databases and equilibrium calculations with mass transport calculations. The advantage of this coupled approach is that, for a large variety of chemical systems, reliable data are available. The main drawback is that the relevant models are restricted to near local thermochemical equilibrium (LTCE) conditions. However, the thermochemistry of the reactants, products and intermediates coupled with mass transport can be useful as it provides a framework into which a complete chemical kinetic rnodel must fit. In simple terms, the kinetics linked with mass transport must be consistent with this analysis. This concept only required the knowledge of the gaseous species and solid phases which would appear [8-101. A general procedure for implementing species balances with near LTCE constraint is inore complex and will be shown. It is important to note that this general procedure is able to handle quasi-equilibrium models and/or surface reaction rates in order to express more realistic heterogeneous kinetics. The application of this concept to the deposition of Sil-,Ge, alloys will be analysed.
THERMODYNAMIC EQUILIBRIUM ANALYSIS
The only solid phase in the Si-Ge-CI-H-Ar system is the Sil-xG~, solid solution which covers the entire composition range. It is important to know and to control the stoichiometry of the coating. The thermodynamic calculations were performed with the Melange software package [I61 linked to the SGTE databank [17] . The gaseous species which were taken into account are listed in Table 1 . The only solid phase considered was the Sil-, Ge, solid solution. For the Si-H-CI system, a coherent set of data is available in the SGTE databank. A more recent source of data is also available [18] . For the Ge-H-CI system, none of the needed data is available. Therefore, they were estimated by ponderation methods for GeHCI3, GeH2C12 and GeH3CI and by invoking the similarity in the behaviour of the Ge and Si elements with respect to H and C1 atoms for the other gaseous species [19] . These methods certainly provide rough values but the concerned gaseous species are of less importance in the relevant experiments. The other possible gaseous species are generally neglected. For the Gibbs' free energy description of the Si-Ge solid solution, we have used the recent values published by C. Bergman et al. [20] . The Si-Ge-CI-H-Ar system involves a condensed phase and a gaseous phase (5 elements, 2 phases). The thermodynamic calculations require the knowledge of total pressure. temperature, argon dilution if necessary, YG, and CIM. The quantity YGe is defined as the ratio of the inlel molar fraction of gaseous species containing germanium over the inlet molar fraction of gaseous species containing germanium and silicon. The quantity CIM is defined as the ratio of the number of CI atoms over the number of H atoms introduced in the reactor.
The pressure, temperature and YG, ranges investigated are 102 to 105 Pa, 600 to 1400 K and 0 to 1.
respectively, for an initial mixture of GeH4 and SiH4 diluted (from 1 to 3%) in Ar. Figure 1 represents the evolution of the germanium fraction in the solid, X G~, as a function of temperature, for different gaseous mixtures and for different germanium fraction, Y G~, in the inlet mixture. In all cases, the simulation has provided identical values of XG, and YG, because the silicon and germanium containing species are completely cracked in the gas phase. The situation is quite different if more stable gaseous specieb containing Ge and Si like the chlorides are used. Two types of experiments have been modelled. In the first one, small amounts of HCI were introduced in the Ar-GeH4-SiH4 mixture and in the second one, a mixture of Ar-GeClq-SiHq was used. For the two investigated mixtures, the general trends are similar. When HCI is used, the CI/H ratio is small and fixed. In this case, only an effect of composition is observed ; the YGe-X G~ gap is slightly increased as the temperature increases for the higher values of Y G~. When GeC14 is used, the CI/H ratio varies. In this case, the Yce-Xce gap increases with the temperature and with the CI/H ratio. As a partial conclusion, this a priori equilibrium approach showed that, at a pressure of 133 Pa used for experiments, the important parameters for the control of the Ge fraction in the coating are the CIM ratio and the temperature. The experimental results obtained with HCI and without HCI are however far below the calculated values [19] . These results suggest that mass transport phenomena could be of importance durin: the deposition process. To investigate the influence of transport phenomena on equilibrium chemistry, the linking of thermochemical data, equilibrium calculations and mass transport simulations was performed for SiH4-GeC14-Ar mixtures. This approach is expected to yield the near local thermochemical equilibrium state corresponding to the temperature, the pressure and the concentrations actually established in the gas phase or at the solid-gas interface. \ .
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MASS TRANSPORT -NEAR LTCE MODEL
The model was made suitable for the silicon-germanium deposition reactor presented in figure 2(a) for simulation purposes. This reactor was optimized by experiments and by mass transport modelling using a simplified kinetic pathway [19] . The governing equations for multicomponent (see table 1) mass transport are well known (table 2). The multicomponent diffusion is described by generalizing the binary diffusion to a N-component system. The source term, Si, represents the rate of creation or depletion of species i by homogeneous chemical reaction and must be calculated with the near LTCE concept. From a guessed concentration field (wi, i = 1 ... N-1), Gibbs energy minimization at each grid point of the reactor gives a new set of w,, ; the near-equilibrium sources terms S,,,, which vanish when equilibrium is reached, can be obtained from :
The sources terms S,,, cannot be directly inserted to continue the iterative modelling and to compute a new set of wi from S,, guessed field. The constraints associated with LTCE and mass transport analysis are different. LTCE calculations assume elements and mass conservation in a closed chemical system (the stoichiometry of the reactions is respected). Mass transport calculation assumes only mass conservation in an open chemical system. It is necessary, to import the data of LTCE calculation into the transport equations, to find the intersection between the two spaces of solutions. Projective methods [I 91 are used to calculate Si for iteration n + 1 from wleq calculated by equation (9) from wi and calculated at iteration n (PROJ is the projection operator):
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JOURNAL DE PHYSIQUE IV
The vector S must be orthogonal to the matrix A of the stoichiometric coefficients defined by E rows and N columns ; E is the number of element and N the number of gaseous species. The mass transport-LTCE model to solve is :
Minimization of G (P, T, w I . . . . w N -~ ) at each grid point
The iterative procedure for homogeneous phenomena is stopped when wi --> wi, e.g., when near LTCE is reached at each grid point of the reactor. number of gaseous species
The boundary conditions for velocity and temperature are simple. At the inlet, the velocity of the mixture was specified in the axial direction as parabolic, and radial component of velocity was considered as zero. On solid surfaces, all velocities were assumed to be equal to zero. Temperature of 300 K and 1300 K were specified at the inlet, on the walls and on the substrate respectively. The mass fractions specified at the inlet come from a thermodynamic homogeneous equilibrium of the initial gas mixture (Ar (89%), H2 (lo%), SiH4 (0.5%) and GeC14 (0.5%)). On cold walls, the mass fluxes were considered as zero. On the substrate, the mass fluxes, R,, are linked with thermodynamic heterogeneous equilibrium. This last boundary condition lead to a complex situation. Contrarily to the model allowing the calculation of source terms by minimization and subsequent transformation, there is not conservation of the mass on the reactive substrate but M-1 relations between gas and associated solid fluxes due to the conservation of the elements (M is the number of solids which could appear). The matrix A is now defined by E rows and N + M columns. If B is the matrix defined by the conservation of the film composition, the boundary condition on the substrate is :
Minimization of G (P. T, w . . . w N -~ ) at each grid point
I
The Q vector at iteration n + 1 is obtained by projection of the Qeq vector on the (A) n (B) space.
The be ¶ vector is computed from a guessed equilibrium concentration field on the substrate at iteration n.
The equations (1)- (8) associated with boundary conditions and constraints described by equations (9)- (12) 
. APPLICATION TO Sil.,Ge, DEPOSITION
The model predicts the flow and temperature fields of the mixture and the concentration fields of the gaseous species. The model also predicts the deposition rate and the stoichiometry of the deposited film. Figure 2(b) shows the predicted velocity and temperature fields inside the reactor when the substrate was set at 1300 K, the inlet mixture was Ar (89%)-H2 (10%)-SiH4(0.5%)-GeC14(0.5%), e.g. Yc,=0.5, the total flow rate was 2 I.mn-1 and the pressure 315 Pa. The predicted thermal profile (figure 2(c)) in the reactor shows that the temperature gradient is localized near the substrate due to convective effects. The most important gaseous species contributing to the film growth are GeCl, GeH, Ge(g), Si3, Si2, Si(g) and SiH when argon is the carrier gas (figure 3). These results revealed strong dependence of gas-phase equilibrium composition with the distance to the substrate. The film stoichiometry, XG,, is uniform and is about 0.18 along the substrate (Y~,=0.5). Simple previous equilibrium calculations predicted a minor depletion in germanium, X~,=0.25, for Y~,=0.5. These results evidences that the high thermodynamic stability of germanium chlorides, compared to silicon hydrides and chlorides, associated with mass transport phenomena deplete the film in germanium compared to the inlet germanium content.
Thermodiffusion plays an important role for the germanium containing species depletion of the gas phase near the substrate. Thermodiffusion causes heavier molecular weight species to be driven along a temperature gradient away from hot surfaces towards cold surfaces. The concentration of GeCI, the most important gaseous species containing germanium, near the substrate is five times higher when themodiffusion is neglected (figure 4). The thermal diffusion rates can be modified by changing the carrier gas. These results, assuming equilibrium conditions in a flowing system, should therefore be used for the Identification of the reaction pathways and the influence of geometry, flow rate and temperature gradients but perhaps not for predicting the chemical composition of the film under actual operational conditions. Figure 4 : Gaseous mass fractions along the centreline above the substrate (same experimental conditions as in figure 2 and 3) : themodiffusion was neglected A model linking near-local thermochemical equilibrium and mass transport was proposed and applied to Sil-,Ge, deposition by germanium chloride, silane, hydrogen and argon mixture. It is built upon the physics of energy and mass movement and include a model for local equilibrium transformations within the system. It is a modelling route which offers insight into the physical and chemical causes and effects without writing out chemical pathways.
The modelling results indicate that the stoichiometry of the film is related to the thermodynamic stability of germanium chlorides and to their availability in the hot regions of the reactor. As a matter of fact, the fluxes of silicon containing species exceed that of germanium containing species (Xc,=O. 18) when inlet ratio are 1:l (Yce=0.5) and when thermochemical equilibrium predicts Xce=0.25. For the used experimental conditions, it was found that the predicted results are in good agreement with the experimentally measured deposition rates. Then, the stoichiometry of the film could be predicted by such a model linking two different modelling approaches.
Assuming near-local thermochemical equilibrium within the flowing system could provide useful information for the identification of phenomena which control the film growth. This modelling route could also provide an assessment of the experimental method and a framework into which a kinetic-mass transport model could fit.
